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Many mammalian retroviruses express their protease and polymerase by ribosomal frameshifting. It was originally
proposed that a specialized shifty tRNA promotes the frameshift event. We previously observed that phenylalanine tRNAPhe
lacking the highly modified wybutoxosine (Y) base on the 39 side of its anticodon stimulated frameshifting, demonstrating that
this tRNA is shifty. We now report the shifty tRNAPhe contains 1-methylguanosine (m1G) in place of Y and that the m1G form
from rabbit reticulocytes stimulates frameshifting more efficiently than its m1G-containing counterpart from mouse neuro-
blastoma cells. The latter tRNA contains unmodified C and G nucleosides at positions 32 and 34, respectively, while the
former tRNA contains the analogous 29-O-methylated nucleosides at these positions. The data suggest that not only does the
loss of a highly modified base from the 39 side of the anticodon render tRNAPhe shifty, but the modification status of the entire
anticodon loop contributes to the degree of shiftiness. Possible biological consequences of these findings are discussed.
© 2001 Academic PressKey Words: frameshift site; 1-methylguanosine; phenylalanine tRNA; rabbit reticulocyte lysates; ribosomal frameshifting;
shifty tRNAs; tRNA modification; Y base; wybutoxosine base.
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fINTRODUCTION
Many mammalian retroviruses depend on a shift in
their reading frames in the 21 direction between the gag
nd pro genes or the gag, pro, and pol genes to express
he protease that cleaves the polypeptide product into
tructural and enzymatic components and the RNA poly-
erase that replicates the genome (reviewed by
arabaugh, 2000; Hatfield et al., 1992; Jacks, 1990). The
egulatory regions in the mRNA that govern the frame-
hift event, the heptanucleotide frameshift signal, and
he downstream pseudoknot have been carefully char-
cterized (see above-noted reviews). One component
hat plays a crucial role in frameshifting that has not
een carefully characterized in mammalian systems is
he tRNA that decodes the frameshift site. Interestingly,
he Phe codon UUU and the Asn codon AAC are two of
nly a relatively few codons that occur at the ribosomal
rameshift site in retroviruses of higher eukaryotes
Farabaugh, 2000) and, if these codons are mutated to
UC or AAU at the frameshift site, the level of frameshift-
ng is decreased dramatically (Jacks, 1990). Since UUU/C
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130nd AAU/C are decoded by a single species of Phe tRNA
nd Asn tRNA, respectively, it is surprising that these
odons would be translated with similar efficiencies at
ll sites in protein synthesis except at the ribosomal
rameshift site (Hatfield et al., 1992).
Observations about the ribosomal frameshifting event,
uch as those discussed above, led Jacks et al. (1988) to
ropose that ribosomal frameshifting is promoted by
pecialized “shifty” tRNAs. One possibility that may ac-
ount for this discrepancy in synonymous codon reading
t the frameshift site and may also provide a solution to
he proposed shifty tRNAs of Jacks et al. (1988) is the
odification status of tRNA may have a role in preferen-
ially decoding one cognate codon over another (re-
iewed in Bjo¨rk and Rasmuson, 1998; Curran, 1998). Of
he many base modifications found in tRNA, the most
ighly modified bases occur within the anticodon loop,
redominantly at position 34 (the wobble position of the
nticodon) or position 37 (immediately 39 to the antico-
on) (Sprinzl et al., 1998). The modification status at both
hese positions influences the efficiency of tRNA decod-
ng and misreading in protein synthesis (Carlson et al.,
999; see also Bjo¨rk and Rasmuson, 1998; Curran, 1998,
or review).
Transfer RNA modification status also plays a role in
ibosomal frameshifting. For example, yeast Asn tRNA,
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131SHIFTY Phe tRNA IN RIBOSOMAL FRAMESHIFTINGwhich naturally lacks Q base, was shown to enhance the
frameshift event and the structural features involved in
Asn tRNA shiftiness were previously discussed (Carlson
et al., 1999, 2000). In addition, Phe tRNA that lacks Y base
has been shown to enhance frameshifting (Carlson et al.,
1999), although the variation in primary structure that
accounts for the shiftiness was not resolved. In the
present study, we examined the structural differences
between the fully modified and hypomodified Phe tRNAs,
to determine the precise base modification(s) that ac-
count(s) for tRNAPhe shiftiness. In addition, the efficien-
cies of hypomodified tRNAPhe from rabbit reticulocytes
nd mouse neuroblastoma tissue to promote frameshift-
ng was examined, as these tRNAs are likely to contain
rimary structural differences (Kuchino et al., 1982). It is
xtremely important to determine whether hypomodified
RNAs enhance the frameshift event, since the mainte-
ance of such tRNAs in their fully modified, intracellular
tate may provide an alternative avenue for inhibiting
etroviral expression (Hatfield et al., 1992).
RESULTS AND DISCUSSION
We used a strategy similar to that reported previously
Carlson et al., 1999) in determining the relative frame-
hifting efficiencies of the three Phe tRNA isoforms, the
ully modified form from rabbit reticulocytes, designated
RNAPhe 1Y, the hypomodified isoform from rabbit reticulo-
cytes, designated tRNAPhe 2Y(RR), and the hypomodified
isoform from mouse neuroblastoma tissue, designated
tRNAPhe 2Y(MN). Rabbit reticulocyte lysates were pro-
grammed with mRNA generated from a construct encod-
ing the glutathione transferase (GST) gene attached up-
stream to the 39 terminus of the mouse mammary tumor
virus (MMTV) gag-pro frameshift region (Carlson et al.,
1999) and supplemented with partially purified Phe
tRNAs. The heptanucleotide frameshift signal was de-
signed to utilize tRNAPhe at the frameshift site (Carlson et
al., 1999). After the incubation period, aliquots of each
reaction mixture were electrophoresed on polyacryl-
amide gels to determine the level of frameshifting (see
below).
The degree of switching reading frames in the pres-
ence of tRNAPhe 1Y, tRNA
Phe
2Y(RR), or tRNA
Phe
2Y(MN) was com-
pared with a frameshift signal encoding UUU at the
frameshift site. Reticulocyte lysates were programmed
with A AAU UUU and supplemented with the different
Phe isoacceptors (see Fig. 1). The levels of frameshifting
were quantitated in Experiment (Expt) 1 in Table 1. Addi-
tion of tRNAPhe 1Y had no effect on the level of frameshift-
ing with the A AAU UUU-containing message (compare
lanes 1 and 2 in Fig. 1 and Expt 1 in Table 1). However,
tRNAPhe 2Y(RR) stimulated this event about threefold (Fig. 1,
lane 3 and Table 1) and tRNAPhe 2Y(MN) about twofold (Fig.
1, lane 4 and Table 1).
The observation that the two hypomodified tRNAsserved as shifty tRNAs, but promoted frameshifting to
different extents, prompted us to examine the effect of
varying concentrations of these isoforms on ribosomal
frameshifting (Fig. 2). As the amounts of added hypo-
modified tRNAs increased, the differences in the levels
of frameshifting became more disproportionate. Transfer
RNAPhe 2Y(RR) always served as the more potent frameshift-
ing tRNA. Interestingly, as the amounts of tRNAPhe 1Y were
increased to 5 pmol and above, this isoform began to
inhibit the frameshift event.
We also examined whether the hypomodified Phe
tRNAs would stimulate frameshifting of the extremely
slippery frameshift sequence U UUU UUU (Jacks, 1990).
Transfer RNAPhe 2Y(RR) appeared to stimulate frameshifting
very slightly (Expts 2 and 3 in Table 1), while tRNAPhe 2Y(MN)
(Expt 2) or tRNAPhe 1Y (Expts 2 and 3) apparently had no
effect. Although only a slight stimulation in frameshifting
was observed in the presence of tRNAPhe 2Y(RR), this iso-
orm always enhanced frameshifting in repeated assays
ith the UUU mRNA. Since the codon at the frameshift
ite was UUU and that at the penultimate site was also
UU, we added both tRNAPhe 1Y and tRNA
Phe
2Y(RR) to reac-
tion mixtures. Both Phe tRNAs did not stimulate frame-
shifting and, in fact, the slight stimulation seen in the
presence of tRNAPhe 2Y(RR) alone was reduced (Expt 3) (see
also Carlson et al., 1999). When the 39 U in UUU was
hanged to C at the frameshift site, frameshifting was
lmost completely abolished (Expts 4 and 5). Supple-
enting lysates with tRNAPhe 1Y had little or no effect on
frameshifting, while addition of tRNAPhe 2Y(RR) stimulated
frameshifting several-fold, but still much less than the
level of frameshifting seen when the same tRNAs were
used in translating U UUU UUU. Transfer RNAPhe 2Y(MN)
also enhanced the frameshift event, but less than that
observed with tRNAPhe 2Y(RR) (Expt 4).
We also employed wheat germ extracts as a protein
FIG. 1. Ribosomal frameshifting in rabbit reticulocyte lysates supple-
mented with Y-containing and Y-deficient Phe tRNAs. Rabbit reticulo-
cyte lysates were programmed with mRNA generated from the GST-A
AAU UUU construct and supplemented with tRNA; following incubation,
reactions were electrophoresed and the level of frameshifting was
determined as described under Materials and Methods. The control
reaction contained mRNA, but no tRNA supplementation.synthesis system to examine the ability of U UUU UUU to
serve as a slippery sequence in frameshifting (Table 1,
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132 CARLSON ET AL.Expt 6). U UUU UUU was not as slippery in the plant
system as in the mammalian system. Supplementing this
system with either tRNAPhe 1Y or tRNA
Phe
2Y(RR) had little or
o effect on frameshifting. In addition, we examined the
unction of the less-slippery A AAU UUU sequence in
heat germ extracts (Expt 7). Addition of tRNAPhe 1Y had
no effect on frameshifting, while tRNAPhe 2Y(RR) stimulated
rameshifting about twofold. The level of ribosomal
rameshifting with both wild type and mutant frameshift
equences is always less in wheat germ extracts than
hat observed in rabbit reticulocyte lysates (Table 1,
xpts 6 and 7, see also Carlson et al., 2000). These data
uggest that plant systems either function less efficiently
han mammalian systems in ribosomal frameshifting or
he two systems utilize different components in the
rameshift event.
Phe
TABLE 1
Ribosomal Frameshifting Levels in the Presence of Fully Modified
and Hypomodified tRNAPhe Isoacceptors
Experiment
Protein
synthesis
systema
Frameshift
signal Additionb % FSc
1 RR A AAU UUU None 11
RR A AAU UUU tRNAPhe 1Y 11
RR A AAU UUU tRNAPhe 2Y(RR) 36
RR A AAU UUU tRNAPhe 2Y(MN) 23
2 RR U UUU UUU None 34
RR U UUU UUU tRNAPhe 1Y 34
RR U UUU UUU tRNAPhe 2Y(RR) 36
RR U UUU UUU tRNAPhe 2Y(MN) 34
3 RR U UUU UUU None 33
RR U UUU UUU tRNAPhe 1Y 33
RR U UUU UUU tRNAPhe 2Y(RR) 39
RR U UUU UUU tRNAPhe 1Y/tRNA
Phe
2Y(RR) 33
4 RR U UUU UUC None 2
RR U UUU UUC tRNAPhe 1Y 3
RR U UUU UUC tRNAPhe 2Y(RR) 10
RR U UUU UUC tRNAPhe 2Y(MN) 6
5 RR U UUU UUC None 2
RR U UUU UUC tRNAPhe 1Y 1
RR U UUU UUC tRNAPhe 2Y(RR) 11
RR U UUU UUC tRNAPhe 2Y(RR)/tRNA
Phe
1Y 2
6 WG U UUU UUU None 21
WG U UUU UUU tRNAPhe 1Y 20
WG U UUU UUU tRNAPhe 2Y(RR) 19
7 WG A AAU UUU None 4
WG A AAU UUU tRNAPhe 1Y 4
WG A AAU UUU tRNAPhe 2Y(RR) 8
a In vitro protein synthesis system; RR, rabbit reticulocyte lysate; or
G, wheat germ extract.
b RR lysate and WG extracts were programmed with mRNA (column
3) that was generated from the corresponding constructs and reactions
were supplemented with the appropriate tRNA as indicated (see Ma-
terials and Methods).
c % FS is the level of frameshifting determined by PhosphorImager
analysis (see Materials and Methods).The sequences of rabbit liver tRNA 1Y (Sprinzl et al.,
998) and mouse neuroblastoma tRNAPhe 2Y(MN) (Kuchino let al., 1982) are shown in Fig. 3. There are three differ-
ences in their primary structures. Transfer RNAPhe 1Y con-
tains 29-O-methylated C and G at positions 32 and 34,
respectively, and Y base at position 37. Transfer
RNAPhe 2Y(MN) contains C, G, and m
1G at these positions. Y
base can be specifically excised from Phe tRNA by
acidic hydrolysis (Thiebe and Zachau, 1968). Removal of
Y base from tRNAPhe 1Y renders the molecule less hydro-
phobic (Hatfield et al., 1981; Kuchino et al., 1982). We
confirmed the presence of Y base in our preparation of
rabbit reticulocyte tRNAPhe 1Y by removal of Y by acid
hydrolysis (data not shown), exactly as described previ-
ously (Hatfield et al., 1981; Kuchino et al., 1982).
We next identified the modified nucleosides that are
present in tRNAPhe 2Y(RR) by high-performance liquid chro-
atography/mass spectrometry (LC/MS) analysis (Crain,
990; Pomerantz and McCloskey, 1990). The chromato-
ram from LC/MS analysis of tRNAPhe 2Y(RR) is shown in
Fig. 4. Identities of each nucleoside were established
from retention times and from coincidence of ion traces
of diagnostic MH1 and BH2
1 from electrospray ionization
mass spectra recorded concurrently (data not shown).
Every modified nucleoside that was characterized in Phe
tRNA occurs in tRNAPhe 2Y(RR) (dihydrouridine [D],
pseudouridine [c], 1-methyladenosine [m1A], 7-methyl-
guanosine [m7G], 5-methylcytidine [m5C], 29-O-methylcy-
tidine [Cm], 5-methyluridine [m5U], 29-O-methyl-
guanosine [Gm], N2-methylguanosine [m2G], N2,N2-di-
methylguanosine [m2
2G]), with the exception of Y base
(which would elute at 34.3 min). In addition, tRNAPhe 2Y(RR)
contains, unlike tRNAPhe 1Y, 1-methylguanosine [m
1G].
ince tRNAPhe 2Y(MN) contains a single m
1G at position 37
in place of Y base (Kuchino et al., 1982), we conclude that
m1G occurs at the same position in tRNAPhe 2Y(RR) in place
of Y (see Fig. 3).
An intriguing feature about ribosomal frameshifting is
FIG. 2. Ribosomal frameshifting in rabbit reticulocyte lysates with
increasing amounts of Y-containing and Y-deficient Phe tRNAs. Transfer
RNAPhe 1Y, tRNA
Phe
2Y(RR), and tRNA
Phe
2Y(MN) were added to reticulocyte
ysates as indicated (see Materials and Methods).
e
s
i
t
1Y fro
133SHIFTY Phe tRNA IN RIBOSOMAL FRAMESHIFTINGthat changing the base at the frameshift site from U to C
in the synonymous codons for Phe or from C to U in the
synonymous codons for Asn inhibits the level of frame-
shifting quite dramatically, even though a single species
of tRNA reads these codons with equal efficiencies dur-
ing normal protein synthesis. One possibility that we
examined is whether the modification status of tRNA may
play a role in frameshifting wherein this process is en-
hanced by a differently modified isoform. The results of
the present study support this proposal. We found that a
single nucleoside modification at position 37, substitu-
tion of m1G for Y, accounts for the shifty properties of the
undermodified, rabbit reticulocyte tRNAPhe. This finding
FIG. 3. Sequences of mammalian Phe tRNAs. The sequence of tRNAP
from mouse neuroblastoma tissues, by Kuchino et al. (1982).
FIG. 4. LC/MS analysis of modified nucleosides in tRNAPhe 2Y(RR).
Purified tRNAPhe 2Y(RR) was totally digested to nucleosides and the mod-
ified nucleosides identified by electrospray ionization LC/MS on a
Fisons Quattro II mass spectrometer (Micromass, Beverly, MA) as
described under Materials and Methods.also supports our earlier model that the loss of a highly
modified base in the anticodon loop of tRNA would
create more space in and around the frameshift site and
an increased flexibility of movement of the tRNA antico-
don, thus promoting the frameshift event (see Hatfield et
al., 1992 and references therein).
Transfer RNAPhe 2Y(RR) was found to be more efficient in
stimulating frameshifting than tRNAPhe 2Y(MN). Because
tRNAPhe 2Y(MN) lacks modified nucleosides at positions 32
and 34 (Kuchino et al., 1982) that are present in
tRNAPhe 2Y(RR), we conclude that the modification status of
a site or sites within the anticodon loop, in addition to Y
base, play(s) an important role in the degree of tRNA
shiftiness. It appears that the methylated nucleoside at
position 34 is more likely to influence the level of frame-
shifting, as this nucleoside interacts directly with the
base in the 39-position of the code word and its modifi-
cation status is known to influence translation efficiency
(Curran, 1998).
Clearly tRNAPhe 2Y is a shifty tRNA. Although yeast Asn
tRNA is also a shifty tRNA (Carlson et al., 1999, 2000), the
question of whether Q base in mammalian tRNAAsn influ-
nces the frameshift event has not been resolved (Carl-
on et al., 2000; Marczinke et al., 2000). It is not surpris-
ng that a tRNA modification that influences decoding at
he 59-position of the codon, such as Y base in tRNAPhe,
would exert greater effect on frameshifting than a mod-
ification that influences decoding at the 39-position, such
as Q base in tRNAAsn. The levels of hypomodified tRNAs
Phe
m rabbit liver is reported by Sprinzl et al. (1998) and that of tRNAPhe 2Y(MN)
he(e.g., tRNA 2Y) are highly enriched in many tumors,
including mouse neuroblastomas (see Mushinski and
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134 CARLSON ET AL.Marini, 1979 and references therein), but their signifi-
cance is not understood. Our demonstration that hypo-
modified tRNAs are shifty in promoting translation of an
alternative reading frame suggests such tRNAs could
play a similar role in neoplasia. Because frameshifting is
an essential requirement for retroviral genome expres-
sion, the possibility can be entertained that maintaining
tRNAs in a fully modified state would suggest a means of
not only inhibiting retroviral expression (Hatfield et al.,
992) but also retarding or reversing neoplasia (Bjo¨rk
and Rasmuson, 1998).
MATERIALS AND METHODS
Materials
Rabbit reticulocyte lysates (nuclease treated), wheat
germ extracts, and Ribomax Large Scale RNA Transcrip-
tion Kit were purchased from Promega (Madison, WI),
QIAfilter Maxi Kit was from Qiagen (Chatsworth, CA),
DH5a-competent cells from Gibco (Grand Island, NY),
glutathione transferase gene (GST) backbone vector,
pGEX4T-1, from Pharmacia (Piscataway, NJ), and [35S]me-
thionine (spec. act. . 1000 Ci/mmol) from Amersham
Arlington Heights, IL).
onstructs encoding frameshift signals
Constructs encoding GST were designated GST-con-
tructs and consist of the GST-coding region and the
ouse mammary tumor virus (MMTV) gag-pro frameshift
coding region (Carlson et al., 1999). The gag-pro region
was prepared by amplifying a 214-bp fragment that be-
gins 39 bases upstream of the frameshift site and is
attached in-frame with the C-terminus of GST. Mutation
of the construct, GST-A AAA AAC to GST-A AAT TTT,
GST-A AAT TTC, GST-T TTT TTT, and GST-T TTT TTC,
within the heptanucleotide frameshift signal and intro-
duction of a methionine residue, ATG, 8 bp downstream
of the hairpin loop were carried out by PCR (Carlson et
al., 1999, 2000). Constructs were amplified by transform-
ing DH5a-competent cells with the appropriate plasmid,
growing transformed cells in 1-L batches, and extracting
and purifying plasmids using a QIAfilter Kit (Carlson et
al., 2000).
Preparation of Phe tRNA isoforms
Transfer tRNAPhe 1Y, which constitutes the principal
tRNAPhe species in rabbit reticulocytes, and its hypomodi-
ied isoform tRNAPhe 2Y(RR), which constitutes about 10–
15% of the total tRNAPhe population in rabbit reticulocytes,
were purified from this source (Carlson et al., 1999; Smith
and Hatfield, 1986). Transfer RNAPhe 2Y(MN), which consti-
utes the principal tRNAPhe species in mouse neuroblas-toma cells, was purified from this source (Kuchino et al.,
1982; Smith and Hatfield, 1986). Y base was specificallyexcised from tRNAPhe 1Y by acid hydrolysis (Thiebe and
Zachau, 1968).
mRNA preparation and protein synthesis
GST-constructs were cut with EcoRI and mRNA was
prepared from each construct (Carlson et al., 1999) using
a Ribomax Large Scale Transcription Kit as recom-
mended by the vendor. Rabbit reticulocyte lysates or
wheat germ extracts were programmed with 5 mg of
mRNA and [35S]methionine and 19 unlabeled amino ac-
ids (minus methionine) added. Reactions were carried
out in a total volume of 25 ml as given in the instructions
of the vendor. Reactions were supplemented with
tRNAPhe 1Y (5 pmol; 0.028 A260 unit), tRNA
Phe
2Y(RR) (5 pmol;
0.042 A260 unit), or tRNA
Phe
2Y(MN) (5 pmol; 0.072 A260 unit) as
indicated. After the incubation period, reactions were
treated and electrophoresed, and the level of frameshift-
ing was determined using a PhosphorImager from Mo-
lecular Dynamics (Sunnyvale, CA) as described (Carlson
et al., 1999, 2000). The number of methionine residues
was compensated for in determining the level of frame-
shifting.
Combined liquid chromatography/electrospray
ionization mass spectrometry of Phe-tRNAs (LC/MS)
Phe-tRNAs [1Y and 2Y(RR)] were digested to nucleo-
sides (Crain, 1990) for analysis of modified nucleoside
content by LC/MS. The digest was injected directly onto
a 300 3 2-mm Supelco LC-18S column (Supelco, Belle-
fonte, PA) eluted at 300 ml/min as described (Pomerantz
and McCloskey, 1990), except that the ammonium ace-
tate concentration was decreased to 5 mM for compat-
ibility with electrospray ionization. The HP 1090 liquid
chromatograph (with a diode array UV-absorbance de-
tector) was interfaced to a Fisons Quattro II mass spec-
trometer (Micromass, Beverly, MA); both instruments are
controlled by the Micromass MassLynx v. 3.2 data sys-
tem. The column effluent was conducted into the mass
spectrometer without splitting and positive ions were
detected.
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